focusing on the molecular differences between GDase and GA and functions of the C terminal region containing SLH. 13) Primary structure analysis. The GDase gene of A. globiformis I42 consists of 3147 bp (DDBJ EMBL GenBank TM database accession no. AB 033333) and, the deduced primary structure of the GDase gene is composed of 1049 aa residues. N terminal analysis using a protein sequencer revealed that the first 29 aa residues were identified as a signal peptide and GDase composed of 1020 aa residues was secreted as a mature form. From the results of a homology search of the deduced primary structure, GDase was roughly divided into two regions of N (1 689) and C (690 1020) terminal regions. The N region shows high similarity to bacterial GAs from Clostridium sp. G0005 11) (36% in a 680 aa overlap) and Thermoanaerobacterium thermosaccharolyticum 14) (36% in a 660 aa overlap). Although the similarity of eukaryotic GAs, for example Aspergillus awamori var. X 100 and Saccharomycopsis fibuligera, was lower than that of bacteria (15 and 13% similarities, respectively), the five regions proposed for GA 15) were conserved in GDase. On the other hand, the C terminal region of GDase shows similarity to that of amylopullulanase from Thermus thermophilus HB8 (GeneBank accession no. AP008226) (32% in a 244 aa overlap) and from Thermococcus hydrothermalis 16) (31% in a 227 aa overlap). These homologous sequences found in C terminal regions of GDase and amylopullulanase contain surface layer homology (SLH), which has been reported to serve as a cell wall anchor.
17)
Three-dimensional structure of GDase. Although the expression system using Escherichia coli was constructed, the expression level was extremely low, probably due to the high G C content of the gene (69.4%) and the high molecular weight of GDase (120 kDa). In this study, we prepared GDase from a culture medium of A. globiformis I42 according to the method of Okada et al . 9) Crystals of GDase grew under the conditions of 1.5% PEG8000 and 40 mM KH2PO4 in 25 mM sodium acetate buffer (pH 5.1) using the hanging drop vapor diffusion method (Fig. 1A) . The diffraction measurement was carried out at SPring8 (BL38B1) at 100 K in a cold nitrogen stream. The structure of GDase was solved by the molecular replacement method with GA form T. thermosaccharolyticum (TthGA) 18) as a search model. The three dimensional structure of GDase was finally determined at 2.42 A resolution with overall dimensions of 118 A 64 A 82 A , as shown in Fig. 1B. 13) The structure can be divided into four domains. The first domain (domain N) forms an anti parallel sandwich containing 17 strands. One of the sheets was wrapped by an extended polypeptide chain containing the first 20 residues. The second domain (domain A), containing the catalytic site, forms an ( )6 barrel. This domain is connected to domain N by a linker region consisting of two helices (237 252 and 253 and 271) that are connected by a short turn with 90 . Like GDase, enzymes of several GH families (8, 9, 15, binding sites located at domains N, A and C, as shown in Fig. 1B . The Fo Fc electron densities for all calcium ions were clearly observed at the contour level of 6 . The coordination of all the calcium ions is a tetragonal bi pyramid structure with six coordinating atoms.
The structure of GDase in the N terminal region, which is composed of domains N and A and two helix linkers, is similar to maltose phosphorylase from Lactobacillus brevis (PDB 1H54) 19) and chitobiose phosphorylase from Vibrio proteolyticus (PDB 1V7V), 20) which belong to GH65 and GH94, respectively. Although substrate specificities of these enzymes are absolutely different, these enzymes share domain configuration and are classified into clan L.
Complex structure with acarbose.
Although acarbose is a mimic of 1,4 glucan, the structure of the catalytic pocket of GDase was almost identical with that of glucoamylase. The inhibited activity of acarbose for dextran hydrolyzing activity was measured and IC50 was 0.17 mM, which was the same inhibitory order as bacterial GA from Thermoactinomyces vulgaris R 47 (0.10 mM). Thus the crystals of GDase were soaked in a solution containing 1.0 mM acarbose for 10 min and then X ray diffraction was collected at PF AR (NW12). The complex structure was finally determined at 2.42 A resolution by the molecular replacement method with native GA as a search model. The conformation of the whole structure was almost identical to that of the native structure (rms deviation is 0.8 A ). An electron density of trisaccharide unit occupied subsites 1, 1 and 2, ex- cept for a glucose unit at the reducing end of acarbose, whose electron density was disordered. The interactions between acarbose and GDase are shown in Fig. 2 . The non reducing end of acarbose (valienamine moiety) is taken into subsite 1 and tightly bound by hydrogen bonds with Arg332 and Asp333 located at the bottom of the active pocket. The substrate binding pocket seemed to be roughly divided into two parts. One side, which mainly consists of Glu431, Gln370, Gln380 and a catalytic residue, Glu430, participates in the hydrophilic interaction between the enzyme and acarbose. The other side, containing the other catalytic residue, Glu628, is mainly composed of four aromatic amino acid residues, Tyr326, Tyr573, Trp655 and Trp582, which appear to contribute to the formation of a large hydrophobic wall. The carbohydrate unit (6 deoxyglucoside moiety) occupying subsite 1 makes a stacking interaction with the aromatic ring of Tyr573 and is further stabilized by hydrogen bonds between the O2 and O3 hydroxyl groups with Glu431 and Arg567 at distances of 2.6 and 2.4 A , respectively. Although 6 deoxyglucose was bound closer to the hydrophobic wall in the acarbose complex, the subsite 1 has a comparatively wider space around the opposite side of the hydrophobic wall for binding the substrate. The O6 hydroxyl group of the glucose moiety occupying subsite 2 makes only a weak hydrogen bond with Gln370 at a distance of 3.1 A . Average B factors of each carbohydrate moiety of acarbose are 26.5 A 2 (valienamine moiety), 27.0 A 2 (6 deoxyglucoside moiety) and 38.4 A 2 (glucose moiety), which support the contention that the substrate affinity of subsite 2 is weaker than those of other subsites.
Catalytic mechanism.
The enzymatic hydrolysis of glucosidic linkages by glycoside hydrolases takes place via general acid catalysis that requires two critical residues, a proton donor and a nucleophile base. 21) In the inverting enzymes, the distance between the side chains of the acidic residues is approximately 10 A because of accommodation of a water molecule between the base and the sugar. 21) In GDase, the catalytic residues have not been confirmed by site directed mutagenesis or other methods. However, the primary structure analysis shows that two acidic residues identified as the catalytic residues in GAs are also conserved as Glu430 and Glu628 in GDase. In the structure complexed with acarbose, the side chain of Glu430 orients to form a hydrogen bond with the nitrogen atom of acarbose at distance of 2.5 A . There is a putative nucleophilic water molecule which forms hydrogen bonds to Glu628 OE1 and to the 6OH of valienamine at subsite 1 (Fig. 3A) . We conclude that the hydrolysis of GDase proceed via a single nucleophilic displacement. The protonation of glucosidic oxygen by Glu430 and the break of glucosidic linkage are accompanied by a concomitant nucleophilic attack of a water molecule activated by Glu628 at the anomeric carbon of subsite 1 (Fig. 3B) .
Comparison of the catalytic pocket between GDase and GA.
The complex structure of GDase with acarbose was superimposed on those of a prokaryotic TthGA 17) and a eukaryotic AawGA. 22) The amino acid residues involved in subsites 1 and 1 are highly conserved among these three enzymes. However, two residues, Gln380 and Trp582, located at the entrance of the active pocket are relatively poorly conserved (Fig. 4) . Gln380 of GDase does not directory interact with acarbose. In TthGA, Trp 390 corresponding to Gln380 of GDase forms subsite 2 and interacts with glucose unit 2 of acarbose through the stacking effect. In AawGA, an extended loop is inserted in the N terminus of this region and protrudes from the entrance of the active pocket. Although the C position of Trp120 of AawGA is different from those of GDase and TthGA, the side chain of this residue is located in almost identical position as that of TthGA and stacks to glucose unit 2. Thus, in GAs, bulky aromatic side chains like tryptophan form subsite 2, and play an important role in the binding of 1,4 glucan. On the other hand, Gln380 of GDase contributes to form a wide and shallow active pocket, which may be favorable for accommodating the 1,6 glucosidic linkage of dextran. Trp582 of GDase is located at the opposite side of the active pocket to Gln380 and the top of the hydrophobic wall. The bulky side chain of Trp582 forms a constriction at the entrance of the active pocket. However, in TthGA, the constriction of this position is smaller than in GDase and no corresponding residue to Trp582 of GDase is seen in this region in AawGA (Fig. 4) . It is likely that the differences around subsite 2 are responsible for the determination of the substrate specificities of these enzymes.
Predicted functions of domains B and C.
No bacterial GA has additional domains at the C terminal end of the ( )6 barrel domain, whereas some fungal GAs, for example AawGA, have a starch binding domain (SBD) at the C terminus. 23) In the case of GDase, the primary structure of the C terminal region is weakly homologous with a surface layer homology (SLH) conserved in the C terminal region of pullulanase from Ther- Fig. 4 . Two distinctive residues located at subsite 2.
The interactions of GDase between these two residues and carbohydrate unit 2 are different from those of GAs. GDase, TthGA and AawGA are colored in black, dark gray and light gray, respectively. mococcus hydrothermalis 15) and amylopullulanase from Pyrococcus abyssi (GenBank accession no. AJ248283) belonging to GH57. The SLH sequence has been reported to serve as a cell wall anchor, and has also found in other several exocellular proteins.
16) The outside of the peptidoglycan layer in some Gram positive bacteria is covered by an S layer that is a regular array of proteins or glycoproteins. The hydrophobicity of the S layer is generally high ( 40 60mol%).
24) The SLHs have also been identified from various exocellular carbohydrate polymer metabolizing enzymes such as Clostridium thermocellum 1,4 cellobiohydrolase (GenBank accession no. M67438), Bacillus sp. strain KSM 635 alkaline cellulase (M27420), Thermoanaerobacter saccharolyticum endo 1,4 xylanase A (M97882), Bacillus sp. strain XAL601 amylase pullulanase (D28467), and Thermoanaerobacterium thermosulfurigenes EM1 pullulanase (M57692).
In addition to the primary structural homologies, we also investigated the structural homologies of domains B and C. Dali structural similarity search using the three dimensional structure of GDase found numerous hits to various functional proteins for each domains B and C, respectively. Domain B especially resembles members of the immunoglobulin superfamily, most of which are found in immunoglobulins and adhesion proteins located on the cell surface. The function of these proteins is to bind to some other proteins by the hydrophobic interaction. The hydrophobicity of the primary structure of GDase was calculated using a Protscale tool at the ExPASy server. The profile showed that domain B is more hydrophobic than any other domain, N, A or C (Fig. 5A) . These observations led us to the conclusion that domain B interacts with the S layer via hydrophobicity. On the other hand, domain C shows weak homology to the carbohydrate binding units of some glycosidases, endo 1,4 D xylanase (PDB 1I82) and exo 1,4 D glycanase (PDB 1EXG). The SLH domain of pullulanase from T. thermosulfurigenes EM1 binds accessory cell wall polymers, which are covalently bound to the peptidoglycan layer. 25) In Bacillus stearothermophilus PV p2, the accessory cell wall polymer contains carbohydrates, N acethylglucosamin and N acethylmannosamin. 26) These findings suggest that domain C of GDase plays a part in attachment to cell surface as a carbohydrate binding domain.
To our knowledge, this is the first time that the three dimensional structure of a full length polypeptide containing the SLH domain has been analyzed. Based on the picture depicted by Brechtel and Bahl, 25) we propose a model for the cell wall attachment via domains B and C of GDase (Fig. 5B) , although the mechanisms of anchoring in the S layer and the secretion outside A. globiformis I42 cells have not been investigated in detail. Domain B is buried in the S layer, and the flexible linker located between domains A and B confers motion to the catalytic unit composed of domains N and A, which is capable of efficient hydrolysis of substrates located close to the cell surface. It is likely that domains B and C serve as cell wall anchors. 
